Introduction
Most polycondensations involve several monomers. Consider a system in which two bifunctional monomers are present. If the two types of reactive groups are unbalanced, the highest possible XAV (the number average degree of polymerization) is finite. It is achieved when all groups of the less frequent type have reacted and the excess groups of the other type occupy all chain ends. [ 1 ] When one monomer is present in excess to the amount of 1 mole%, then at 100% conversion the value of XAv is calculated to be 201 according to the Carothers equation. It illustrates how drastic an effect stoichiometric imbalance has on the molecular weight. When AB-type monomer bearing two functional groups with self-condensation ability is used, there is no need for the strict stoichiometric balance of the monomer. Several methods exist for the synthesis of polyimides. For example, Feld and coworkers synthesized polyimides from AB-type monomers where the anhydride is masked as a diester moiety. [2] Wang et al. reported the synthesis of polyimides and segmented block copolyimides using AX-type amino imide monomer by transimidization, X being a masking imide group. [3] Recently, Kakimoto and coworkers synthesized aromatic polyimides by self polycondensation of AB-type monomers, monomethyl 4-(4'-aminophenoxy)phthalate or its 4-(3'-aminophenoxy) isomer, via poly(amic acid alkyl ester) precursor method. [4] The polyimide synthesis involves two steps. During the first steps, the self condensations were carried out in the presence of diphenyl(2,3-dihydro-2-thioxo-3-benzoxazolyl)phosphonate (DBOP) and triethylamine, then the resulting poly(amic acid) alkyl esters were converted chemically or thermally into the corresponding polyimides. Although the polyimides exhibit good thermal and mechanical properties, DBOP as a condensing agent, which must be used with equimolar amounts of the monomer, is a very expensive reagent and the cost will lead to the limitation for the industrial manufication.
In some polycondenstion reactions, a reactive intermediate is prepared in situ, it is then converted to the product by continuing the reaction. [5] Nitro groups attached to an aromatic ring are easily reduced to form amino groups by catalytic hydrogenation reaction. When the aromatic nitro compound bearing an anhydride moiety, which is regarded as a pseudomasked AB-type (AX-type) monomer, is reduced by catatitic hydrogenation, the produced amino group should react immediately with the anhydride moiety to form the corresponding poly(amic acid). We call here this methodology "reduction self polycondensation".
In the present paper, the in situ synthesis and the properties of polyimides derived from 4-(3'-nitrophenoxy)phthalic anhydride and its 4-(4'-nitrophenoxy) isomer are described.
2. Experimental 2.1. Materials N,N Dimethylacetamide(DMAc) was fractionally distilled over CaH2 under reduced pressure and stored over molecular sieve 4A. The other reagents were used as received without further purification.
Instrumentation
The 111 -and 13C-NMR spectra were obtained with a JEOL JNM-LA500 spectrophotometer. Infrared spectra were recorded using a JASCO Valor III Fourier transform spectrometer. Differential scanning calorimetry (DSC) analyses were performed in nitrogen with a heating rate of 10 K/min using a Seiko Exstar 6000-DSC 220 instrument. The glass transition temperature of the polyimide was obtained from the second heating run profile. Thermogravimetric analyses (TGA) were carried out using a Seiko Exstar 6000-TG/DTA 220 instrument in a nitrogen atmosphere with a heating rate of 10 K/min. The 5% and 10% weight loss temperatures were measured with a temperature range of 40-600°C after pre-curing at 300 °C for 0 .5 h in the instrument. Inherent viscosities
were measured with an Ostward viscometer in a 0.5 g/dL DMAc solution of polyimide at 30°C.
General Reduction Self polycondensation Procedure
A typical polymerization was conducted in a 150-mL glass autoclave with an overhead stirrer, a gas inlet, a gas outlet, a thermocoupler, a heater, and a manometer. The autoclave were charged with monomer 4-(3'-nitrophenoxy)phthalic anhydrid 3AH (2.00 g, 7.02 mmol), Pt02 (0.1 g, 0.44 mmol ), distilled DMAc (30 mL). Hydrogen gas was introduced into the apparatus at a pressure of 9 kg/cm2. The reaction was allowed to proceed with mechanical stirring at ambient temperature for 1.5 h, hydrogen gas being sometimes introduced. The temperature was elevated by externally heating at 80°C, then the stirring was continued untill no more hydrogen consumption was observed (about 3h). The resulting suspension was filtered through Celite. The filtrate was heated at 140 °C f or 6 h in a nitrogen atmosphere. The solution was concentrated to a fifth in volume under reduced presssure (0.2 mmHg). An aliquot of the concentrated solution was cast on a glass plate using a doctor blade. The remainder was poured into 300 mL of methanol in order to obtain the polymer as a solid which was subjected to the viscosity measurement and the thermal analysis.
The polyimide film was prepared by heating the glass plate at 80°C for 2 h and then at 250°C for 2 h. After curing, the glass plate was immersed in boiling water to facilitate removal of the polyimide film.
3. Results and Discussion 3.1. Monomer Synthesis The two monomers with different configurations used in the reduction self-polycondensations, were prepared via three steps according to a similar manner as described in the literature. [4] The synthetic route is illustrated in Scheme 1 together with the yield. The nitriles, 4-(3'-nitrophenoxy)phthalonitrile 3CN and 4-(4'-nitrophenoxy)phthalonitrile 4CN, were synthesized from 4-nitrophthalonitrile and the corresponding nitrophenols by the nitro group displacement reaction. These nitriles were hydrolyzed with sodium hydroxide, followed by acidification, to give the dicarboxylic acids, 4-(3'-nitrophenoxy)phthalic acid 3AC and 4-(4'-nitrophenoxy)phthalic acid 4AC. The monomers, 4-(3'-nitrophenoxy)phthalic anhydrid 3AH and 4-(4'-nitrophenoxy)phthalic anhydride 4AH, were prepared by dehydration of 3AC and 4AC with acetic anhydride.
Polymerizations
AX-type monomers, X being a nitro group regarded here as a masked amino group, 3AH and 4AH should undergo a self polycondensation if the nitro group is converted into an amino group by the reduction. The reaction intermediate, 4-(3'-aminophenoxy)phthalic anhydride or its 4-(4'-aminophenoxy) isomer, is considered to be unstable and reactive, therefore the selfpolycondensation occurs in situ as soon as it is generated by the catalytic hydrogenation of the monomer. The methodology, which is called here "reduction self polycondensation", is illustrated in Scheme 2. The reduction self-polycondensation was conducted at ambient temperature in an autoclave in the presence of hydrogen gas (9 kg/cm2), solvent such as DMAc, and a catalytic amount of Pt02. The reduc- tion took place smoothly and the temperature of the reaction mixture rose to 30°C from room temperature (20°C) caused by the reaction heat. A decrease in hydrogen pressure was observed accompanying a rise of the temperature. When the pressure was reduced to reach to about 2 kg/cm2, hydrogen gas was introduced again and the reaction was allowed to proceed until the pressure drop was no longer observed, which typically took about 1-2 h. The consumption of stoichiometric amount of hydrogen, 3 mol toward 1 mol of the nitro group was observed. The reaction mixture was heated at 80°C for 1.5 h in order to complete the reduction and assist the polymerization, the poly(amic acid) formation. The resulting mixture was filtered through Celite to remove Pt02. The filtrate was heated to reflux for 6 h, so as to convert the poly(amic acid) into the corresponding polyimide. The solution was concentrated and then an aliquot of the condensate was cast on a glass plate. The glass plate was thermally cured at 80°C and at 250°C for each 2 h under the reduced pressure for the purpose of obtaining the polyimide as a film. The co-polymerizations were carried out using a mixture of 3AH and 4AH as well as the homo-polymerization. The results are summarized in Table 1 . In the homo-polymerization of 4AH, the polyimide precipitated during the filtrate was heated at reflux temperature. This phenomenon is explained by the rigidrod like structure of the polyimide derived from 4AH, although the polymer has a flexible and bended ether linkage. The polyimides have the inherent viscosities in a range 0.10-0.11 dL/g and are considerably lower. In the reduction of a vitro group with hydrogen, 2 mol of water toward 1 mol of a nitro group as a by-product is generated. The water may react with the anhydride moiety, which leads to less-reactive dicarboxylic acid. Regardless the low viscosity, the polymerization solutions obtained from 3AH homopolymerization and 3AH-4AH co-polymerization gave flexible and free-standing films. In the IR spectra of the films, strong absorptions at 1779 and 1722 cml assigned to the imide carbonyl group appear, and no peaks are observed in an area of the amide and the nitro groups. A typical IR spectrum of the polyimide film is shown in Figure 1 . The 5% and 10% weight loss temperatures of the reprecipitated polyimides measured under a nitrogen flow are 452-496°C and 501-527°C, respectively, and are about 50K lower than those of the literature.
[4] The Tg's were obtained from the second heating profile. The values are 217°C for the 3AH-based homopolyimide and 206°C for the 3AH-4AH co-polyimides. The Table 1 . Polyimides from AX-type monomers by reduction self-condensation method. a a Monomer: 2 .00 g (7.02 mmol), PtO2:0.1 g (0.44 mmol ), DMAc: 30 mL, H2: 9 kg/cm2, at r.t. for 1.5 h, then 80°C for 3h.
After removing PtO2, the solution was heated 140°C for 6h. b In a 0.5 g/dL DMAc solution at 30°C. C 5%, d 10% Weight loss temperatures measured in N2 at a heating rate of 10 K/min. e Measured by DSC in N2 at a heating rate of 10 K/min (the second run). 'Precipitates appeared during heating in the polyimidization process. gA mixture of 3AH 1.00 g (3.51 mmol) and 4AH 1.00 g (3.51 mmol).
difference in the Tg's depends on the randomness of the polymer chain. 
